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In conclusion, we have demon-
strated the direct correlation that exists
between the lateral molecular organi-
zation of the SC lipid matrix and the
efficiency of the skin barrier: as pre-
viously suggested, but to our knowl-
edge never shown in vivo, the higher
the extent of purely OR phases, the
lower is the inside-out flux of water.
Our results lend further support to the
domain mosaic and sandwich models
of the lipid organization in SC. This
work raises several interesting questions
relevant to the areas of skin biophysics,
dermatology, and transdermal drug
delivery, such as the changes in the
lipid molecular organization that might
be induced by environmental condi-
tions (for example, temperature and
humidity) and by topical application
of products, the relationship between
the inside-out and the outside-in fluxes
of water and chemicals through human
skin, and the reversibility and time
scale of recovery of the molecular
organization in SC in vivo after a
chemical or environmental insult.
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TO THE EDITOR
Dry skin and impaired barrier function
are hallmarks of the pathogenesis of
atopic dermatitis (AD). The combina-
tion of genetically determined barrier
deficiency (Walley et al., 2001; Kato
et al., 2005; Palmer et al., 2006;
Vasilopoulos et al., 2007; Ogawa
et al., 2008) and barrier disruption by
exogenous proteases (Nakamura et al.,
2006; Jeong et al., 2008), endogenous
proteases (Rogalski et al., 2002;
Hachem et al., 2006), and detergents
(Okuda et al., 2002) might increase the
risk of sensitization to allergens toward
IgE production and contribute to AD
exacerbations (Ogawa and Yoshiike,
1993; Cork et al., 2006). Recently, weAbbreviations: AD, atopic dermatitis; SC, stratum corneum; TEWL, transepidermal water loss
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reported that cysteine protease activity
of recombinant house dust mite major
group 1 allergens (Kato et al., 2005;
Kikuchi et al., 2006) impairs the epi-
dermal permeability barrier (Nakamura
et al., 2006). Colonization by Staphy-
lococcus aureus, another common
feature of AD, has been implicated as
an environmental factor in its patho-
genesis (Aly et al., 1977; Cork et al.,
2006). S. aureus produces extracellular
proteases (Dubin, 2002); however, the
possible involvement of S. aureus pro-
teases in the pathogenesis of AD has
not been investigated. In this study, we
examine whether an S. aureus extra-
cellular protease, commonly referred to
as V8 protease, impairs the epidermal
permeability barrier in mice.
S. aureus V8 protease exhibited
proteolytic activity in zymography
(Figure 1a) and cleaved the peptide
bonds at the carboxy-terminal side,
preferentially after glutamate and to a
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Figure 1. Proteolytic activity of Staphylococcus aureus V8 protease and epidermal permeability barrier dysfunction in the skin of nude mice, caused by
S. aureus V8 protease. In a and b, the proteolytic activity of V8 protease (Pierce, Rockford, IL) was analyzed as previously described (Gunawan et al., 2008a, b).
(a) Gelatin and casein zymography. Arrows indicate transparent bands, where the protease digested the substrate. V8 protease exhibited proteolytic activity
in zymography at low doses (100 and 20 ng per lane in gelatin and casein zymography, respectively). The mobility of the bands does not always correspond
to the molecular weight of the protease because, to minimize inactivation of protease activity, the samples were not boiled. (b) Cleavage of fluorogenic
substrates. Benzyloxycarbonyl-Leu-Leu-Glu-MCA (Z-LLE-MCA), Boc-Tyr-Val-Ala-Asp-MCA (Boc-YVAD-MCA), Boc-Gln-Gly-Arg-MCA (Boc-QGR-MCA),
Boc-Gln-Ala-Arg-MCA (Boc-QAR-MCA), Boc-Phe-Ser-Arg-MCA (Boc-FSR-MCA), succinyl-Ala-Ala-Ala-MCA (Suc-AAA-MCA), and Boc-Val-Leu-Lys-MCA
(Boc-VLK-MCA) were used as substrates. The vertical scale is the same among substrates, except for Z-LLE-MCA and Boc-YVAD-MCA. V8 protease
cleaved the peptide bonds of the short peptide substrates at the carboxy-terminal side, preferentially after glutamate (Z-LLE-MCA) and to a lesser extent
after aspartate (Boc-YVAD-MCA). Contamination by cysteine protease, which can be activated in the presence of DTT (particularly in Suc-AAA-MCA and
Boc-VLK-MCA), was very minor. (c and d) Epidermal permeability barrier dysfunction. A patch containing V8 protease with occlusion using a polyurethane
film was applied to the backs of 6-week-old female nude mice with the BALB/c background (Charles River Japan, Yokohama, Japan) every other day for 1 week.
The final concentrations of the protease were 5, 50, or 500mg ml1 (0.5, 5, or 50mg 100 ml1 2 cm2 per site), the first two of which could be considered
relevant in staphylococcal colonization according to our calculation on the basis of the V8 protease concentration released into the culture supernatant
(Miedzobrodzki et al., 2002). The day after the last application, after removal of the patch, transepidermal water loss (TEWL) measurement (c) and riboflavin
test (d) were carried out. þ , treated sites; , untreated sites. Number of mice per group was six. Bars indicate means. *Po0.05 by one-way analysis
of variance and Tukey post hoc test among the treated sites, and #Po0.05 by t-test (two-tailed) between treated and untreated sites were considered
statistically significant. Animals were maintained in a specific pathogen-free animal facility at Juntendo University, and all animal studies were approved
by the review board of Juntendo University.
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lesser extent after aspartate (Figure 1b).
Epidermal permeability barrier dysfunc-
tion in nude mice was evaluated
(Figure 1c and d) as previously reported
(Nakamura et al., 2006). A patch con-
taining V8 protease with occlusion was
applied to the backs of mice every other
day for 1 week. Use of nude mice sim-
plified the experimental procedure be-
cause of both the strain’s hairlessness
and the fact that the lack of a thymus
excluded the effects of T-cell-mediated
immunity. The critical epidermal per-
meability barrier is mediated by the
outermost layer of the epidermis, the
stratum corneum (SC). V8 protease
induced the permeability barrier dys-
function, which was evaluated on the
basis of two parameters: transepidermal
water loss (Figure 1c) and penetration
by riboflavin of the SC (Figure 1d) in
a dose-dependent manner. Histology
showed that V8 protease disturbed
the structure of the SC but did
not cause epidermal hyperprolifera-
tion and inflammatory infiltration (data
not shown).
We next evaluated the effects of
S. aureus V8 protease application, with
or without occlusion, in hairless mice
with a normally developed immune
system (Figure 2). V8 protease with or
without occlusion was applied every
day for 1 week. Regardless of the pre-
sence of occlusion, application of V8
protease significantly increased transe-
pidermal water loss compared with
controls in a time-dependent manner
(Figure 2a). Analysis of the SC by trans-
mission electron microscopy revealed
that the protease induced a structural
disturbance of the SC without (Figure
2b, V8 protease) or with occlusion (data
not shown). Histology revealed that the
protease without occlusion induced an
increase in epidermal thickness; with
occlusion it induced not only a greater
increase in epidermal thickness but also
inflammatory infiltration in the dermis
(Figure 2c). Analysis by scanning elec-
tron microscopy showed that a mor-
phological change occurred on the skin
surface of mice to which the protease
was applied, also indicating that V8
protease made corneocytes less adhe-
sive (data not shown).
S. aureus is not a normal member of
the microflora colonizing the skin. In
AD patients, however, S. aureus colo-
nizes lesional skin, and colony counts
even in nonlesional skin are often high
(Aly et al., 1977). The breakdown of the
epidermal permeability barrier and the
structural disturbance of the SC caused
by the staphylococcal extracellular pro-
tease (Figure 1c and d and Figure 2)
suggest that residential S. aureus could
impair the epidermal barrier. Areas of
the skin in which the barrier function is
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Figure 2. Effects of Staphylococcus aureus V8 protease application in hairless mice. Pure water, phosphate-buffered saline, or V8 protease
(5 mg 100 ml1 2 cm2 per site) was directly applied to the backs of 6-week-old female hairless mice (Skh:HR1 strain; Hoshino Laboratory Animals, Ibaraki,
Japan) without a patch and occlusion, or with a patch containing V8 protease (5mg 100 ml1 2 cm2 per site) with occlusion using a polyurethane film was
applied every day for 1 week. Transepidermal water loss (TEWL) was measured every day (a). After the last measurement of TEWL, specimens for electron
microscopy and histology were prepared (b and c). (a) Epidermal permeability barrier dysfunction. Data represent the mean±SEM for six mice per group.
*Po0.05 compared with the control (vehicle) by one-way analysis of variance and Tukey’s post hoc test was considered as significant. (b) Analysis of the stratum
corneum (SC) by transmission electron microscopy. V8 protease induced structural disturbance of the SC, including loss of corneodesmosome integrity and
loss of corneocyte cohesion. The arrows indicate corneodesmosomes. Bar¼ 1mm. (c, histology) The tissue was fixed in formaldehyde and embedded
in paraffin. Sections were stained with hematoxylin and eosin. V8 protease without occlusion induced an increase in epidermal thickness. With occlusion,
it induced a greater increase in epidermal thickness and inflammatory infiltration in the dermis. Bar¼ 100mm.
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impaired are likely to provide a portal
of entry for various S. aureus–derived
molecules, allergens such as house dust
and pollen, and irritants that initiate and
perpetuate cutaneous inflammation.
Interestingly, exfoliative toxins from
S. aureus show sequence similarity to
V8 protease and also exhibit a similar
specificity of glutamate-specific clea-
vage (Dubin, 2002). Exfoliative toxins
cause blisters in bullous impetigo and
staphylococcal scaled-skin syndrome,
and they hydrolyze a single peptide
bond after glutamate 381 of desmoglein
1, a desmosomal cadherin that med-
iates cell–cell adhesion (Amagai et al.,
2000; Hanakawa et al., 2002). Con-
sidering their similarity in structure and
critical substrate specificity, we spec-
ulate that the staphylococcal glutama-
te–specific protease family, including
exfoliative toxins and V8 protease,
could abrogate the epidermal perme-
ability barrier via desmoglein 1 clea-
vage in corneodesmosomes, which
causes the loss of corneocyte cohesion
and structural disturbance of the SC
(Figure 2b). On the other hand, the
highly specific preference for cleavage
after glutamate (Figure 1b, LLE) suggests
that the staphylococcal glutamate–
specific protease family may not acti-
vate protease-activated receptor-2 (PAR-2)
(Hachem et al., 2006; Jeong et al.,
2008; Kato et al., 2009) because the
PAR-2-activating cleavage site is a
peptide bond after arginine (Steinhoff
et al., 2005), although it may act in a
cascade of activation of proteases and
activate PAR-2 in a secondary manner.
In conclusion, our results imply the
importance of staphylococcal proteases
as an environmental factor that con-
tributes to primary sensitization to
allergens as well as to the vicious circle
of S. aureus colonization and exacer-
bation of AD by abrogating the epider-
mal permeability barrier. As far as we
know, this is the first demonstration of
the epidermal barrier function being
impaired by an S. aureus protease
in vivo.
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